Material
+ T cells are an essential component of host resistance to viral and intracellular bacterial infections. Upon pathogen recognition in the context of appropriate costimulatory signals, naive CD8 + T cells expand and acquire effector functions, allowing them to kill infected cells and secrete cytokines. Upon resolution of infection, the majority of responding CD8 + T cells undergo apoptosis. However, a small number of Ag-specific effector cells remain and establish a heterogeneous memory T cell population that collectively serves to protect against reinfection. Exogenous signals received by responding CD8 + T cells early during infection including duration and levels of Ag and inflammatory cytokines are known to influence cell-fate decisions that dictate which cells will die soon after the resolution of infection or develop into memory-precursor cells from which the long-lived memory population is established (1) (2) (3) . Phenotypic and functional analyses of CD8 + effector T cells have used levels of expression of killer cell lectin-like receptor G1 (KLRG1), CD127, CD27, CD43, CXCR3, and CD25 and production of IL-2 to distinguish cells that will go on to become terminally differentiated, short-lived effector memory cells versus long-lived memory cells (4) (5) (6) (7) (8) (9) (10) . Numerous transcription factors have also been implicated in this cell-fate decision with T-bet, Blimp-1, and Id2 favoring shorter-lived, effector memory cells expressing high levels of KLRG1 and with Eomesodermin, Bcl-6, transcription factor-1, STAT3, and Id3 expression supporting the formation of long-lived memory precursors with high levels of CD127 and CXCR3 (4, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Intimately intertwined in the formation of these distinct effector and memory populations is the relationship between surviving the contraction phase of the effector population and the initiation of a gene-expression program that supports the phenotypic and functional characteristics of protective memory.
Id2 is a member of the inhibitor of DNA binding (Id) family consisting of transcriptional regulators that act antagonistically on E protein transcription factors to prevent their binding to DNA. Clear roles for E and Id proteins in lymphocyte development are well delineated (23) . However, despite relatively high mRNA expression levels of Id2 in mature CD8 + effector and memory cells and high Id3 in naive and long-lived memory cells (19) (20) (21) , the role of these transcriptional regulators in CD8 + effector T cell differentiation is still not fully understood. Previously, we showed loss of Id2 resulted in a diminished CD8 + effector response and led to fewer remaining memory CD8 + T cells, which rapidly acquired a central memory (CD44  hi CD62L hi KLRG1 lo CD127 hi ) phenotype (19, 20) . This rapid loss of Id2-deficient CD8 + effector T cells was due to increased death by effector cells and correlated with high expression of the proapoptotic molecule Bim and low levels of the antiapoptotic molecule Bcl-2. However, in these studies it was not clear if the severe loss of short-lived (CD44   hi   CD62L lo KLRG1 hi CD127 lo ) effector memory cells was due solely to a failure of those cells to survive or if Id2 also regulated their differentiation. More recently, a role for Id3 expression in predicting memory potential and supporting differentiation of longlived memory cells has become clear as well, suggesting distinct functions for these two transcriptional regulators in CD8 + immunity (20, 21) .
One key molecule influencing the contraction phase of the CD8 + effector population is the proapoptotic molecule of the Bcl-2
Division of Biological Sciences, University of California, San Diego, La Jolla, CA 92093 family of proteins, Bim. Previous studies demonstrated a role for Bim in the induction of death of both CD4 + and CD8 + effector T cells postinfection (24) (25) (26) . Indeed, Bim-deficient CD8 + T cells failed to undergo apoptosis and continued to accumulate in the spleen, indicating the importance of this protein in modulating the contraction phase of the CD8 + T cell immune response (24, 25) . Surprisingly, Bim deficiency appears to rescue both short-lived effector memory and long-lived memory subsets from contraction (27) (28) (29) . However, the memory cells rescued due to loss of Bim eventually wane, suggesting Bim-independent regulation of long-lived memory subsets (29) . Ultimately, although it is understood that Bim is required for the contraction phase of the CD8 + T cell immune response, it is less clear if and how Bim is modulated to produce long-lived T cell memory.
In this article, we elaborate on the role of Id2 in CD8 + T cells during infection. In this article, we elaborate on the role of Id2 in formation of short-lived effector and long-lived memory CD8 + T cells, showing that Id2 influences the development of KLRG1 hi effector T cells. We also show that high levels of Bim are responsible for the increased apoptosis observed in Id2-deficient cells responding to infection, likely due to unchecked E protein activity. Surprisingly, Bim deficiency did not rescue the effector T cell differentiation defects observed in the absence of Id2, indicating Id2 controls the CD8 + T cell immune response at two levels: by influencing survival of effector cells and regulating the effector and memory T cell differentiation program.
Materials and Methods

Mice, adoptive transfers, and infection
Mice were bred and housed in specific pathogen-free conditions in accordance with the Institutional Animal Care and Use Guidelines of the University of California, San Diego. Mice with a mutated Id2 allele (Id2-knockout [Id2 KO ]) were generated as previously described (19) 
Flow cytometry
Single-cell suspensions were prepared from the spleens of infected hosts. The following Abs were used to phenotype the donor cells (all Abs from eBioscience unless otherwise specified): CD8 (53-6.7), CD27 (LG-7F9), CD43 (1B11; BioLegend), CD44 (IM7), CD45.1 (A20-1.7), CD45.2 (104), CD62L (MEL-14), CD122 (TM-b1), CD127 (A7R34), CXCR3 (CXCR3-173), KLRG1 (2F1), and Ly6C (AL-21; BD Biosciences). Abs were conjugated to fluorescing isothiocyanate, PE, PerCP, PerCP-cyanin 5.5, allophycocyanin, Alexa Fluor 780, PE-cyanin 7, Pacific Blue, or biotin. Annexin V was purchased from Invitrogen. CXCL16-FC fusion protein was generously provided by Dr. M. Matloubian (University of California San Francisco, San Francisco, CA) and used as previously described (31) . For analysis of intracellular cytokine production, 4 3 10 6 splenocytes were incubated for a total of 6 h at 37˚C in RPMI 1640 (Mediatech) containing 10% (v/v) bovine growth serum (Hyclone) alone or with 10 nM OVApeptide (OVAp). After 3 h, 1 ml/ml Golgi Stop (BD Biosciences) was added, and cultures were incubated for an additional 3 h. Cells were collected and stained with CD45.1, CD45.2, CD8, and KLRG1. Samples were fixed and made permeable in Cytofix-Cytoperm buffer (BD Biosciences). Intracellular staining for cytokines was preformed using IFN-g (XMG1.2), IL-2 (JES6-5H4), and TNF-a (MP6-XT22). Samples were collected on an FACSCalibur, FACSAria, or LSRIIFortessa (BD Biosciences) and analyzed with FlowJo software (Tree Star). 
Quantitative PCR and chromatin immunoprecipitation
Statistical analysis
Differences between data sets were analyzed by an unpaired two-tailed Student t test.
Results
Loss of KLRG1
hi short-lived effector cells in the absence of Id2
We previously showed that Id2 is necessary for CD8 + effector T cell survival during infection (19 ) from chimeras were adoptively transferred into congenically distinct hosts, which were subsequently infected with Lm-OVA. Examination of cell-surface expression of KLRG1 and CD127 by transferred OT-I cells isolated on days 7 and 12 of infection showed a severe paucity of KLRG1 hi CD127
lo and KLRG1 hi CD127 hi effector cells in the Id2-deficient population (Fig. 1A) . Analysis of absolute cell numbers of Agspecific CD8 + KLRG1 hi and KLRG1 lo populations also showed a severe reduction (∼17-fold on day 7 and 37-fold on day 12) in KLRG1 hi cells in the Id2-deficient population compared with WT cells. However, the total numbers of KLRG1 lo cells were similar between Id2 + and Id2 KO cells (Fig. 1A) . Id2 KO CD8 + T cells also showed ∼3-fold more cells with high CXCR3 expression, consistent with formation of a population of cells with a longerlived memory phenotype (8) . Further, we observed reduced (2-to 3-fold) CXCR6 expression by Id2-deficient CD8 + effector cells compared with Id2 + cells (Fig. 1B) , a phenotype we previously showed was present in the Id2-deficient NKT population as well (33) . Thus, in the absence of Id2, at the peak of infection, CD8
+ effectors do not accumulate as short-lived KLRG1
hi effector memory cells.
Loss of Bim rescues survival defect in Id2 KO CD8 + T cells during infection
We previously showed Bim mRNA levels were increased in Id2-deficient effector T cells (19) , and Bim has previously been shown to be a direct target of E proteins (34, 35) . The bcl2l11 (Bim) promoter and locus contains .30 conserved E box sites. To determine which E boxes potentially played a role in the regulation of Bim during the CD8 + T cell response, we examined previously published data in which E2A occupancy in A12 T cell lines was assessed by deep sequencing (chromatin immunoprecipitation sequencing [ChIP-Seq]) (34) . We observed three E2A-binding peaks containing the E2A-binding motif CANNTG in the Bim locus, and interestingly, H3K4 monomethylation (H3K4me1), a marker of active transcription, was also enriched at these three sites ( Fig. 2A) . To test whether E proteins bind these specific E box sites in the Bim locus upon CD8 + T cell activation, we isolated Id2 + OT-I cells directly ex vivo or after 24 h of activation with OVA peptide in vitro and performed ChIP. Using an HEBspecific Ab, we observed an increase in E protein binding upon activation at the potential E protein binding sites, with the first site (peak 1, in the promoter region of the Bim locus) showing the greatest increase ( Fig. 2A) . Together, these data suggest that E proteins can bind DNA at the Bim locus and that Bim expression levels can be regulated directly by E protein transcription factors during CD8 + T cell activation. 1 ) and day 15 ( Fig. 3) of infection, and cell-surface expression of phenotypic markers associated with effector and memory populations was analyzed by flow cytometry. We noted that although the frequency of donor cells was restored to Id2 + levels (Fig. 2) (Fig. 3, Supplemental Fig. 1 ), a phenotype associated with long-lived memory cells capable of a strong recall response (8 (Fig. 3,  Supplemental Fig. 1) . Recently it has been reported that CD25, the high-affinity IL-2R a-chain is associated with terminal effector cell differentiation (7, 10) . Thus, we analyzed CD25 expression on hi cell accumulation (Fig. 4A) . Similarly, assessment of the total number of KLRG1 hi CD127 lo effector T cells revealed that loss of Bim expression, although rescuing cell survival, did not alter the loss of shorter-term effector memory populations resulting from the absence of Id2 alone (Fig. 4B, Supplemental  Fig. 1) .
Due to the fact that Id2 KO CD8 + cells lack a KLRG1 hi shortlived effector population at the peak of infection, we also compared the phenotype between Id2 + and Id2 KO cells gated only on the KLRG1 lo population for days 8 and 15 of infection. The phenotypic differences observed in the entire CD8 + population (potentially including effector, effector memory, and memory cells) were maintained in the KLRG1 lo Id2 + and Id2 KO populations, although these differences were less pronounced (Supplemental Fig. 2A, 2B ). Together, the data supported the more rapid emergence of the long-term memory phenotype among cells in the KLRG1 lo subset when Id2 was absent, suggesting Id2 expression regulates gene expression and differentiation within this population.
Previous data show effector subsets, distinguished by KLRG1 hi expression, localize to different areas of the spleen during infection (36). When we examined the CD8 + T cell localization in the spleens of recipient mice on day 15 of infection, we noticed that although WT CD8 + T cells were diffusely located throughout the spleen, Id2-deficient CD8 + T cells were concentrated in the T cell zones (Fig. 4C) , a phenotype associated with KLRG1 lo longerlived memory precursors (36 (Fig. 4C) , again indicating that although loss of Bim rescues survival of Id2-deficient cells, it does not rescue their propensity for developing into shorter-lived effector memory cells. KO OT-I cells that had been transferred into recipient mice, which were then infected with Lm-OVA. As we previously observed, Id2
Id2 deficiency alters cytokine production by CD8 + T cells during infection
KO cells produced IFN-g at equal levels compared with WT cells on both days 8 (Supplemental Fig.  3B) and 15 (Fig. 5B) of infection. Interestingly, Id2-deficient CD8 + T cells produced more IL-2 ( Fig. 5A, Supplemental Fig.  3A) , a cytokine that has been associated with memory precursor cells, consistent with their phenotypic alterations (9) . CD8 + T cells lacking Id2 produced similar levels of TNF-a compared with WT cells (Fig. 5C, Supplemental Fig. 3C ). Loss of Bim alone had no effect on the cytokine profile of CD8 + T cells (Fig. 5) . Cytokine production observed in the entire CD8 + population (potentially including effector, effector memory, and memory cells) was maintained in the KLRG1 lo Id2 + and Id2 KO populations on both days 8 and 15 of infection (Supplemental Fig. 4) .
To examine if E proteins mediated a direct role in regulating cytokine production, we examined the IL-2, IFN-g, and TNF-a loci for enhanced E2A-binding occupancy using the previously described ChIP-Seq profiles (34) . Both IL-2 and TNF-a contained an E box site capable of binding E proteins (Fig. 5D ). There were no occupancy peaks present in the IFN-g locus. ChIP analysis showed minimal HEB binding in naive CD8 + T cells. However, in CD8 + T cells activated for 24 h in vitro with OVAp, we observed increased E protein binding at both the IL-2 and TNF-a E box sites (Fig. 5D ). These data indicate a possible role for direct E protein regulation of cytokines during T cell activation.
Altered gene expression by CD8 + effector cells in the absence of Id2
To understand further the role of Id2 during the CD8 + T cell immune response, we sorted KLRG1 lo Id2 + and Id2 KO OT-I CD8 + T cells on day 6 after Lm-OVA infection and compared their gene-expression profiles by microarray (Fig. 6 ). We observed that 225 genes were upregulated $1.5-fold and 105 genes were downregulated $1.5-fold in the absence of Id2 compared with WT cells (Fig. 6A, 6B) . Interestingly, numerous genes associated with memory formation/function were upregulated in Id2-deficient T cells, including Id3, Il2ra, tcf7, and cxcr3 (Fig. 6C) , consistent (Fig. 6D) . We examined the expression of genes up-or downregulated in Id2 KO Bim KO cells compared with Id2 KO cells and observed that the expression pattern was remarkably similar (Fig. 6D) . Genes downregulated in Id2 KO KLRG-1 lo effectors (Fig. 6A , blue) were also downregulated in Id2 KO Bim KO effectors compared with their Id2 + counterparts (Fig. 6D, blue) and vice versa (Fig. 6, red) KO effectors did not reveal an altered expression pattern. We also examined the mRNA levels by qPCR analysis for Id2 KO and Id2 + KLRG1 lo cells separately isolated for a subset of genes of interest to CD8 + memory differentiation (Fig. 6E) . These data confirmed the gene-expression profiles determined by microarray (Fig. 6E ) and were consistent with a skewing of expression toward differentiation of cells with long-term memory potential. Last, we were interested if the genes that showed altered expression when Id2 was absent were potential targets of E protein transcription factors. Once again, we used published data that evaluated E2A occupancy in T cell lines by ChIP-Seq (34); those genes that we observed to be differentially regulated between Id2
WT and Id2 KO that were also identified as having significant E2A binding to putative regulatory elements are indicated in green (Fig. 6F) . Notably, ∼30-35% of the genes displaying altered expression due to loss of Id2 were also indicated as direct E protein targets. Together, the microarray analyses indicate that Id2 influences the gene-expression pattern in CD8 + T cells during infection and that this gene pattern is maintained irrespective of Bim expression and survival, further supporting the conclusion that Id2 plays a key role in differentiation of effector cells to short-term versus long-term effector and memory populations.
Discussion
The factors controlling the survival of effector CD8 + T cells as they undergo contraction, as well as their differentiation to memory cells, has been the subject of intense scrutiny, with transcription factors, survival molecules, and cytokines all being implicated in this process (1) (2) (3) 37) . Of particular interest is the transcriptional regulation of differentiation leading to the eventual apoptosis of short-lived effector cells during the contraction phase versus the survival of memory-precursor cells that will seed the memory compartment. Although the proapoptotic molecule Bim is a key regulator of contraction of the CD8 + effector population, the abundance of memory-precursor cells formed in the absence of Bim is eventually lost, implicating other factors in the regulation of CD8 + effector differentiation (29) . In this study, we show the transcriptional regulator Id2 influences effector CD8 + T cells in IFN-g (B) , and TNF-a (C) production by OT two ways: by regulating KLRG1 hi effector CD8 + T cell differentiation and survival of CD8 + effector T cells (Figs. 1, 2) . At all stages of infection, loss of Id2 resulted in impaired formation of the KLRG1 hi short-lived effector cell population (Fig. 1 , Supplemental Fig. 1A) . We found that although loss of Bim led to rescue of the survival defect seen in the absence of Id2, Bim deficiency failed to support formation of terminally differentiated KLRG1 hi effector cells by Id2 KO CD8 + T cells (Figs. 3, 4) . Thus, by uncoupling Bim-mediated CD8 + effector contraction from differentiation and memory formation, we addressed the role of Id2 in these processes.
E protein transcription factors positively regulate expression of Bim; we previously showed upregulation of Bim in Id2 KO effector CD8 + T cells, presumably due to unchecked E protein activity, led to defects in survival and subsequent memory formation (19) . However, whether Id2 can also regulate CD8 + effector T cell differentiation, irrespective of cell survival, remained unaddressed. In the absence of Id2 alone, when increased E protein activity led to elevated Bim expression, both differentiation of short-lived KLRG1 hi effector T cells and survival of effector cells were impacted (Figs. 1, 2) . In this study, using mice genetically deficient for both Id2 and Bim, and thus removing the confounding effect of unchecked Bim expression, the CD8 + effector T cell survival phenotype was rescued (Fig. 2) . Notably, loss of Bim alone rescued both the KLRG1 hi and KLRG lo subsets when Id2 is expressed. However, differentiation of Id2-deficient CD8 + effector T cells into short-lived effector cells and long-lived memory-precursor cells was still perturbed when Bim was also absent, even though the effector cells accumulated to WT levels, indicating that E proteins together with Id proteins regulate genes necessary for CD8 + effector differentiation as well as genes necessary for survival. hi population at early time points (day 5; Supplemental  Fig. 1A) , which was rapidly lost and not rescued to Id2
WT levels by Bim deficiency. Thus, we suggest E proteins and Id proteins regulate not only the survival signals required for memory-precursor formation but also influence the gene-expression pattern required for the sustained differentiation of the terminal-effector population.
Aside from regulating Bim expression during CD8 + effector T cell contraction, how do E and Id proteins influence effector T cell differentiation? Our previous data indicate Id2 expression leads to development of short-lived effector cells, whereas Id3 expression marks cells that will contribute to the memoryprecursor pool (20) . Although microarray analysis revealed upregulation of Id3 expression in Id2-deficient T cells (Fig. 5C, 5E ), Id3 was unable to compensate for either the differentiation or survival defect we observed with loss of Id2. These data support our hypothesis that high Id3 expression marks cells for memoryprecursor differentiation and is consistent with our previous data (20) . Furthermore, these data imply Id2 and Id3 may have different binding affinities for E proteins or that certain E/Id proteins are expressed at different stages during effector T cell differentiation, thus providing a level of fine-tuning of the CD8 + effector immune response not previously appreciated. Increased expression of Id3 in the absence of Id2 also implies direct or indirect negative regulation of Id3 by Id2, a possibility requiring further investigation.
In our gene-expression analysis, we also observed upregulation of other genes previously associated with memory CD8 + T cell formation including Cxcr3, Tcf7, and Cxcr5 (Fig. 5C, 5E ). These genes were upregulated in the absence of Id2 and irrespective of Bim expression, thus implicating unchecked E protein activity in directing CD8
+ T cells toward a KLRG1 lo CD127 hi memoryprecursor lineage during infection. As expected, Id2-deficient CD8 + effector T cells expressed high levels of Bim and Fas, both proapoptotic molecules (Fig. 5C ). With loss of Bim in conjunction with loss of Id2, the T cell-differentiation gene-expression pattern was remarkably similar to that of Id2-deficient cells (Fig. 5D) . Thus, unchecked E protein regulation of Bim expression, normally inhibited by Id2, does not appear to be intricately linked to regulation of genes associated with CD8 + effector T cell differentiation.
Recent publications have implicated various transcriptional regulators in the control of the effector T cell differentiation during infection. In this study, we explored the role of Id2 in both surviving the contraction phase of the CD8 + T cell immune response and the initiation of the gene-expression profile required for short-lived effector and long-lived memory-precursor differentiation. We find E and Id proteins work together to regulate both the survival and differentiation of CD8 + T cells during the immune response. 
